Introduction
An historic agreement was achieved between 55 countries, at the COP21 meeting in Paris in 2015, to limit the global temperature rise associated with climate change to 1.5 °C. The agreement calls for zero net anthropogenic greenhouse gas emissions to be reached during the second half of the 21 st century. [1] [2] [3] [4] Basically, three approaches can be envisaged for lowering global CO 2 : a) decreasing emissions, b) carbon capture and storage (CCS), including both biological and geological sequestration, and c) chemical conversion to alternative useful compounds. While the first of these approaches is generally the one politically mandated, it is important to note that lowering local emissions does not necessarily equate to lowering global emissions. 5 For example, lithium mining and processing for batteries to replace internal combustion engines requires significant energy and chemical waste at locations remote from the end use. Thus, while long term lowering of global emissions is clearly desirable, and chemical conversion may reduce the use of other raw materials, CCS offers the best near-term possibility until global infrastructure has evolved. 6 Of the multiple approaches for CCS each has advantages and disadvantages in terms of capacity, cost, the time scale of the sequestration, the stability of sequestered CO 2 , and additional environmental impacts, which depend on the location, time, and amount of sequestration. 7 There has been much made of biological sequestration as being a natural approach; however, despite this obvious advantage it is now to its use since it is a major source of corrosion. Key attributes for natural gas treatment include: a) high CO 2 uptake; b) high selectivity; c) minimal or no deactivation upon cycling; d) ability to work at high pressures and at or above ambient temperatures.
There are generally two classes of material employed for CO 2 separation: reactants and adsorbents. The former includes amine and other reactive species such as ionic liquids and alkali-metal-based oxides. At present, monoethanolamine (MEA) is the industry standard; however, regeneration, degradation and corrosion, together with health and environmental issues, still affect its large scale implementation. [15] [16] [17] [18] Impregnation onto supports has been investigated, [19] [20] [21] but it is only recently that the regeneration temperature has been lowered by their combination with carbon nanomaterials. [22] [23] [24] Ionic liquids, suitable for high pressure capture are expensive and toxic, 25, 26 while cheap alkali metal oxides suffer from severe deactivation upon cycling. 27 Although these materials show excellent selectivity between CO 2 and CH 4 , their myriad drawbacks have meant that much effort has been invested into the study of solid porous sorbents, 28 such as porous carbons (PC), 29 metalorganic frameworks (MOFs), 30, 31 microporous zeolites, 21, 32 and porous silica-based sorbents with high surface area. 33 MOFs outperform zeolites in terms of maximum capacity at high pressure, 20, 34 but are rather expensive as they require complex multistep synthesis procedures. In addition, their gas adsorption capacity degrades after several cycles of usage. Carbonaceous materials, such as activated carbon and charcoal, are cheaper and less sensitive to moisture than zeolites and MOFs, but their adsorption capacity generally increases with loss of selectivity at high pressure. 20, 28 Chemically activated porous carbon (PC) adsorbents have large surface areas and pore volumes associated with microand meso-porous structure, and as a result show significantly improved CO 2 capturing capacity as compared to traditional carbonaceous materials. [35] [36] [37] [38] [39] [40] [41] While these materials have been extensively studied, there has been a recent report that dramatic increases in both CO 2 :CH 4 selectivity and uptake are observed with either nitrogen-or sulphur-containing chemically activated PCs (NPC and SPC, respectively). 41 These studies were undertaken at 30 bar (1 bar = 100,000 Pa = 750.06 mmHg) using compounds previously reported to show improved results over activated carbon at 1 bar. 35, 36, 42 However, the improved high pressure results were proposed to be due to the S or N centres acting as a Lewis base to facilitate the ambient polymerization of the CO 2 . However, computational studies 43 and comparison with prior model compounds, 44, 45 suggest that if such poly-CO 2 species are formed then both Lewis acid and Lewis base moieties are needed. Irrespective of the explanation, it is of interest to determine what features of a porous carbon material result in high uptake and good selectivity. We have previously investigated the role of N-doping in CO 2 capture by PCs up to 1 bar pressure and shown no correlation. 37 This has been confirmed by a recent extensive study by Adeniran and Mokaya. 46 Nevertheless, in our prior studies with nano adsorbents at high pressures 47 we have observed that measurements at 1 bar pressure often make it difficult to compare series of similar materials. When measurements at 30 bar are performed, a clearer differentiation between subtle changes in processing conditions can be made. High pressures are also more appropriate when considering applications for natural gas treatment.
48-51
Herein, we report the study of a range of chemically activated porous carbon materials at high pressure and ambient temperatures in order to determine whether the presence of either S-or N-doping is important in the synthesis of a PC with high uptake and good CO 2 :CH 4 selectivity. It is natural to conclude that high uptake is correlated with high pore volume (and surface area); 37 however, we are interested in seeing what controls this structural parameter: the composition of the PC, the temperature of processing, or the activation chemistry. Surface chemical composition of the polymer precursors and PC materials were determined by X-ray photoelectron spectroscopy (XPS). The XPS measurements were carried out in a PHI Quantera scanning XPS microprobe. The wt% of chemical elements was determined by XPS survey scans with pass energy of 140 eV. For detailed elemental analysis highresolution multi-cycle elemental scans with pass energy 26 eV was performed. Each spectrum was then deconvoluted by appropriate basis functions. Before spectral fitting, each spectrum was corrected for reference binding energy for C1s to 284.8 eV. Scanning electron microscopic images were obtained by a FEI Quanta 400 ESEM FEG high-resolution field emission scanning electron microscope. The high-resolution TEM images of activated sorbents were obtained by a JEOL 2100 field emission gun transmission electron microscope. The textural properties: surface areas (S BET ), total pore volume (V p ), and pore size distributions (PSDs) of the carbonaceous materials were obtained by analysing N 2 adsorption isotherms, measured in a Quantachrome Autosorb-3b BET Surface Analyser at 77 K. The surface area (S BET ) was calculated by the multipoint BET (Brunauer-Emmett-Teller) method. Before measurements samples were dried at 130 °C for 12 h under high vacuum in a system equipped with a liquid N 2 cold trap. Pore size distributions were determined by analysing the data via Non-Local Density Functional Theory (NLDFT). 
Experimental

Materials and methods
Synthesis of activated PC from coconut shell
Pieces of dry coconut shell were placed inside a quartz tube/tube furnace setup and carbonized for 1 h at 450 °C, under a flow of Ar (flow rate 500 sccm). The carbonized product (500 mg) was thoroughly mixed with KOH powder (1.0 g). The mixture was then placed inside a quartz tube/tube furnace setup, dried for 20 min and then heated for 1 h at a fixed temperature of 600 °C under continuous flow of Ar (flow rate 600 sccm), washed with distilled water (ca. 4 L) and then with acetone (ca. 1 L) and dried at 80 °C for 12 h.
Synthesis of NPC from polypyrrole
The polymerized carbon precursor polypyrrole was synthesized using FeCl 3 as catalyst following a modification of our previous methods. 35 In a typical synthesis, a solution of FeCl 3 (50 g) in CH 3 CN (200 mL) was prepared. Then, a solution of pyrrole (5.0 g) in CH 3 CN (50 mL) was slowly added to the previous solution. The mixture was stirred for 24 h. The polymerized product was separated by filtration, washed thoroughly with distilled water (ca. 4 L) and then with acetone (ca. 1 L) and dried at 80 °C for 12 h. The yield of the final product was ~98%. The polypyrrole was chemically activated by heating with an excess (2 or 4 fold by weight) of KOH in inert atmosphere. In a typical activation process, polypyrrole (500 mg) was thoroughly mixed with KOH (1.0 g) that had been crushed to a fine powder in a mortar. The mixture was then placed inside a quartz tube within a tube furnace, dried for 20 min and then heated for 1 h at a fixed temperature in the 500-800 °C range, under a flow of Ar (flow rate 600 sccm). The activated samples were then thoroughly washed with diluted HCl (1.4 M, 100 mL) and several times with distilled water until the filtrate attained neutral pH 7. Finally, the activated PC was dried on a hot plate at 70 °C for 12 h.
Volumetric CO 2 and CH 4 uptake measurements
The volumetric uptake measurements (sorption and desorption) of CO 2 and CH 4 were performed in an automated Sievert instrument (Setaram PCTPRO). 47 Various PC samples were first crushed into powders and packed in a stainless steel autoclave sample cell. Initial sample pre-treatment was carried out at 130 °C for 1.5 h under high vacuum. The free volume inside the sample cell was determined by a series of calibration procedures done under helium. Gas uptake experiments were carried out with high purity research grade CO 2 (99.99%) and CH 4 (99.9%) at 24 °C.
Results and discussion
We have prepared a range of porous carbon sorbent materials in order to compare the performance as a function of a range of variables, including the precursor, the temperature of pyrolysis and the ratio of KOH:precursor used in the activation step. For simplicity, each sample is given an identifier based upon these variables, i.e., precursor-temperature-KOH:precursor ratio. Thus, a sample prepared from polypyrrole (PPy) at 700 °C with a KOH:polypyrrole ratio of 2:1 is labelled as PPy-700-2.
The simplest materials investigated were prepared from either sawdust (SD) or coconut (CN) husks and should contain no N or S and thus can be compared directly with commercial activated charcoal. In order to ascertain the effects of Ndoping NPC samples were prepared from polypyrrole (PPy) or by doping sawdust with melamine (SD-M). Finally, S-doped PC (SPC) samples were prepared from polythiophene (PTh). A summary of the materials studied including their surface chemical composition and textural characteristics is provided in Table 1 . The precursors were characterized for comparison with the NPC and SPC samples (Table S1 ). We note that XPS only provides surface (and near surface) chemical composition that may differ from bulk chemical composition; however, surface composition is what matters in a surface adsorption process.
The high pressure volumetric CO 2 adsorption uptake measurements were made in 1.5-1.8 bar increments up to 30 bar (3 x 10 6 Pa). A set of typical results is shown in Fig. 1 . As may be seen, it is difficult to differentiate the performance of the NPC samples (PPy-T-2, where T = 500, 600, 700 and 800 °C) from the data collected below about 3-4 bar; however, at 10 bar the performance of each material is much easier to compare. The reproducibility batch-to-batch is sufficiently good to allow for comparisons between samples. For the purposes of the following discussion, the CO 2 uptake at 30 bar is used.
Surface area and total pore volume
In creating an adsorbent with high gas uptake it is generally assumed that the higher the surface area and pore volume the better, and thus much research is aimed at increasing the surface area. 41, 54, 55 The surface area and pore volumes of the PC, NPC, and SPC samples was determined by N 2 physisorption. A typical example of the N 2 adsorption isotherms is shown in Fig. 2 for PPy-T-2 (where T = 500, 600, 700 and 800 °C). Fig. 3a shows a plot of the uptake of CO 2 at 30 bar as a function of the apparent BET surface area (SBET) for all the PC adsorbent measured. As expected an increase in surface area correlates with an increase in CO 2 uptake; however, any value above 2800 m 2 g -1 does not appear to improve adsorption.
Thus, continued attempts to create even higher surface area materials will most likely not result in any further improvements in CO 2 uptake. In a similar manner, it is an intuitive assumption that increased total pore volume (V p ) will facilitate increased CO 2 adsorption; however, as shown in Fig.  3b , it appears that for pore volumes tested over 1.35 cm
there is not a resulting greater uptake. The trends noted above were for the highest pressures; however, the homologous series PPy-T-2 (T = 500, 600, 700, and 800 °C) along with the precursor (PPy) allows for a comparison across a range of pressures. Fig. 4 shows the relationship between CO 2 uptake and BET surface area (Fig. 4a) and total pore volume (Fig. 4b) for different pressures in the range of 5-30 bar. As expected, these plots clearly show a significant effect of pressure on the CO 2 uptake, i.e., higher pressures result in higher uptake. However, what is interesting to note is that the point at which increased surface area (or total pore volume) does not increase CO 2 uptake decreases with decreased pressure. Thus, whereas at 30 bar CO 2 pressure increasing the surface area above 2800 m 2 g -1 does not improve adsorption, at 5 bar this value decreases to 1300 m 2 g -1 (Fig. 4a ). This suggests a greater diminution of returns in attempting to create high surface area adsorbents if lower pressures are to be used in the system. The effect is similar for total pore volume, where at 5 bar it appears that any pore volume over 0.5 cm 3 g -1 does not result in greater uptake.
There is a linear trend between surface area and pore volume for the majority of the samples studied (Fig. 5) , but there are samples, which show a divergence from the trend. These all show a higher pore volume than expected and we note that these have some of the highest CO 2 uptake performance. The reasons for these divergences are discussed below.
Activation temperature and KOH concentration
The creation of high surface area PCs is generally accomplished by an oxidative activation step: steam, oxygen, or KOH. In the present study we have limited the activation to KOH. The advantage of this approach is that the resulting PC shows the highest CO 2 uptake; however, the disadvantage is that for the best results it is necessary to ensure complete mixing of the precursor and the KOH. Fig. 6 shows the relationship between the activation temperature and the CO 2 uptake for the samples in Table 1 . The general trend is increasing uptake with increased activation temperature with an possible maximum between 700 and 800 °C. Given the relationships between surface area and pore volume with CO 2 uptake, it is not surprising that their relationship with activation temperature is also similar (Fig. S1,  see ESI) .
The analysis of a series of samples prepared from PPy at different activation temperatures (i.e., PPy-T-2), but otherwise under identical conditions, allows for a convenient direct comparison of the effects of temperature. The CO 2 uptake plot for each sample as a function of CO 2 pressures is shown in Fig.  1 , whereas Fig. 2 shows their corresponding N 2 adsorption isotherms at 77 K. It may be noticed that the shape of these isotherms is dependent on the activation temperature; the isotherm for PPy-800-2 is much steeper than that of PPy-500-2 between relative pressures of 0.4 and 1.0, indicating the variation in mesoporosity and adsorption capacity. For the homologous series of NPC materials the estimated surface area (S BET ) and the total pore volume (V p ) gradually increase with activation temperature (Fig. 7a and b) describing the incremental trend for mildly to strongly activated samples. Between 500 and 700 °C the surface area and total pore volume increases systematically, whereas for temperatures above 700 °C no significant increment is noticed.
Besides the surface area and pore volume, another important characteristic that can be obtained from the N 2 adsorption isotherms is the pore size distribution (PSD) of the porous solid. Fig. 8 depicts the PSDs for three different PPybased PCs prepared under mild (T = 500 °C) to strong (T = 800 °C) activation conditions. The distribution plot for T = 500 °C indicates that the activated PC mainly consists of micropores in the 1-2 nm range, whereas the plot for PPy-700-2 clearly shows signature of some larger pores in the 2-3.5 nm range. The most strongly activated PC, PPy-800-2, even shows significant number of mesopores in the 3-6 nm range, in agreement with the steeper adsorption registered for relative pressures >0.4. It is interesting to compare the variation in pore size and distribution ( Fig. 8) with the CO 2 uptake for the same samples ( Fig. 1 and Table 1 ). From 500 °C to 700 °C there is a dramatic increase in the high pressure uptake, which can be associated with the generation of pores in the range 2-3 nm; however as may be seen from Fig. 1 there is a slight (but significant) decrease upon further activation to 800 °C even though there is an increase in the presence of larger pores. This suggests that larger pores are not necessarily ideal for a high CO 2 adsorption. The pore size distribution for the other top adsorbents studied shows a similar bi-modal pore structure centred on 1 nm and 1.5-2 nm (Fig. S2, see ESI) .
The structural and textural morphology of the activated PPy-T-2 samples were characterized by scanning electron microscopy (SEM). Fig. 9a shows that the activated NPC contains multiple layers projected vertically upward and surfaces that are full of micron sized holes. In order to image the microporous structure of the activated sample, high resolution transmission electron microscopy (HRTEM) was utilized. Fig. 9b displays an image demonstrating randomly distributed micropores with dimensions in the range of 0.5-1 nm for a PPy-600-2 sample. These and the images of the other samples are in agreement with the BET measurements.
Given the hazardous nature of working with KOH, the amount used in the activation process is of importance with regard to any scalability issues. We have recently shown that KOH provides greater activation than borates. 43 In this regard, it is unfortunate that KOH appears to provide the best results, 40 and its action has been investigated in detail.
9,12-14 Please do not adjust margins Please do not adjust margins However, based upon the present data set for PPy-800-n (n = 2, 4), it is clear that increasing the KOH:precursor ratio from 2 to 4 does not result in a change in the CO 2 uptake profile (Fig.  10) , despite a dramatic (70%) increase in the pore volume (Table 1) . It should be noted that PPy-800-4 has one of the highest surface areas (3450 m 2 g -1 ) measured for any PC sorbent, 11 but is less efficient than PPy-800-4 between 10-20 bar. The effect of KOH concentration and mixing is the subject of further studies.
Heteroatom identity and content
As noted in the introduction it has been suggested that the high CO 2 uptake observed for NPC and SPC at 30 bar is associated with the presence of the Lewis basic N and S centres. 41 We have therefore investigated the performance of NPC and SPC samples as a function of their heteroatom content. The chemical composition of polypyrrole precursor and activated PPy derived NPC samples were determined by XPS ( Table 1) . The identity and wt% of the elements present on the sample surface were determined by XPS survey scans (e.g., Fig.  11a and b) . These spectra revealed that the precursor polypyrrole and activated NPCs are primarily composed of C, O, and N. It should be noted that the O content of NPCs has been observed, but discounted as significant, 41 except as a potential source as both Lewis acid and base moieties. 43 We note that H content is not provided by XPS data, and so percentage values measured by other techniques will vary. As a result of chemical activation and the activation temperature, the wt% of all elements changes ( Table 1) . The general trend is that the wt% of C increases, whereas that of O and N decreases gradually with increasing activation temperature. The compositional dependence on the activation temperature is demonstrated for the PPy-T-2 samples (Fig. 12) . The first point to note is that the N content decreases consistently with activation temperature (Fig. 12b) ; however, there is a distinct step in the O composition between 600 and 700 °C (Fig. 12b) , which is mirrored in the C wt% composition (Fig. 12a) . However, it is important to note that while at the highest activation temperatures the N content becomes negligible, the O content remains significant. An equally interesting variation was observed for SPC samples ( Table 1 ). The C content stays essentially constant between the PTh precursor and the product activated at 600 °C, despite the S composition decreasing. The reason for this anomaly is the oxidation 56 of the PC material as measured by the increased O content. As with the N content in the NPC samples, the S composition in the SPC samples decreases to a low value at the highest activation temperatures, but how do these changes correlate with CO 2 uptake? The CO 2 uptake for NPC and SPC samples as a function of their N or S content is shown in Fig. 13 . For both NPC and SPC samples the CO 2 uptake is at a maximum with the heteroatom content <5 wt%. Based upon these results it would appear that the presence of neither N nor S correlates in a positive manner with the CO 2 uptake, although in the present case a higher heteroatom content is associated to lower surface area and pore volume, hence the corresponding lower CO 2 uptake. Nonetheless, the limited effect of the presence of heteroatoms on CO 2 uptake is in line with previous results, 37, 46 and our proposal that the presence of N or S is not responsible for any stabilization of poly-CO 2 that has been proposed to be responsible for high CO 2 adsorption at 30 bar. 43 It is worth noting here that the source of the heteroatom also appears to affect the physical parameters and hence the CO 2 uptake. For example, the use of polyacrylonitrile (I, PAn) instead of polypyrrole (II, PPy) makes a significant difference suggesting the chemical speciation of the N content is important (Fig. 14a) . In addition, the use of a poly-N containing heterocycle, melamine, as the N source results in an improvement in the performance (Fig. 14b) . However, it is unclear whether this is a cause or effect. If the amount of CO 2 adsorbed is divided by the total pore volume one gets a similar value for both for PPy-800-4 and SD-M-800-4. Thus, the CO 2 uptake is determined by the total pore volume, but the pore volume is clearly a function of the precursor, rather than the process conditions.
As was noted with the pressure dependence of the CO 2 uptake on the surface area and total pore volume, the uptake appears to be less affected by the N content at lower pressures. Thus, as shown in Fig. 15 , the greatest CO 2 uptake at 30 bar for NPC requires N <2 wt%; however, if measured at 5 bar the uptake is almost independent of N content at values <10 wt%. This again suggests that the need to create specialty adsorbents diminishes with decreased operating pressure. Yet, this suggestion requires further study since in this case the N content and surface area (and total pore volume) are directly correlated, i.e., lower N content = larger surface area. In other words, the results presented here do not compare the effect of N-content at a fixed surface area and/or total pore volume. Nonetheless, the fact that at lower surface area a larger amount of N sites cannot keep the CO 2 uptake high could be the evidence of the limited capture effect of heteroatoms in PCs. Both NPC and SPC samples contain significant O, as do the PC samples produced from non-heteroatom containing precursors. Given that some of the PC samples perform in a comparable manner to those of NPC or SPC, N and S composition cannot be the sole key to high adsorption. 43 While the presence of >5 wt% of either N or S appears to significantly lower the uptake of CO 2 , although this could be related to the lower surface area of the heteroatom-rich samples, the O content is far more effective for the high CO 2 adsorption observed with 3-16 wt% O (Fig. 16a) . In support to this observation, there are also some interesting findings on the CO 2 capture capacity of activated PCs obtained from the carbonization of asphalt with KOH. 44 The reduction with H 2 of asphalt-derived N-doped PCs causes a significant increase of capture capacity up to 26 mmol.g -1 . The XPS elemental analysis of the sample before and after H 2 treatment shows that the sample with higher CO 2 capacity undergoes a significant increase of O content while the N content and type is only slightly changed. 57 This finding would support our hypothesis that O plays a major role in establishing the CO 2 capture capacity of PCs. However, what appears to be more important is the combined presence of a heteroatom, i.e., Σ(O,N,S), see Fig. 16b . This can be alternatively stated that the C content should be between 80-95 wt%. Based upon the forgoing, it is possible to identify the parameters that define a PC material for maximum CO 2 uptake: have a surface area ≥2800 m 2 g -1 , a pore volume ≥1.35 cm 3 g -1 , and a C content between 80-95 wt%. To achieve these performance parameters it is necessary to activate above 700 °C and to ensure full mixing of the KOH with the precursor. The first two of these suggest that developing higher and higher surface area materials is unproductive, and that understanding the third may lead to the design of new PC materials. Furthermore, these values offer additional variance when the uptake of CO 2 is required at lower pressures.
CO 2 versus CH 4 selectivity
The selective removal of CO 2 from natural gas, which essentially contains CH 4 and other gases such as CO 2 , H 2 S, and N 2, is one of the important industrial processes, because these contaminant gases decrease power efficiency of the natural gas. The capture of CO 2 from natural gas primarily relies on purification strategies that allow the gas mixture to pass through a column packed with solid porous materials that captures CO 2 from the CH 4 -rich environment with minimal CH 4 uptake. We have investigated the CO 2 /CH 4 selectivity by measuring CO 2 and CH 4 uptake isotherms up to a high pressure limit of 10, 20 and 30 bar at 24 °C. A summary of the data is shown in Table 2 . Fig. 17a shows the CO 2 uptake plots along with the corresponding CH 4 uptake results in Fig. 17b . Additionally, the molar uptake selectivity (CO 2 /CH 4 ) is defined by the molar ratio of adsorbed CO 2 and CH 4 at a certain pressure, i.e., at 30 bar. The dependence of molar uptake selectivity for a sorbent as a function of corresponding gas pressure is depicted in Fig.  17c . For any particular sample, the selectivity varies with gas pressure. Of the samples investigated PPy-600-2 demonstrated highest selectivity of 2.56 at 30 bar. Fig. 18a shows a plot of molar CO 2 :CH 4 uptake ratio as a function of the surface area (S BET ) for all the PC adsorbents measured. For low surface area samples there is an increase in selectivity with increased surface area; however, as with uptake further increase in surface area above 2000 m 2 g -1 does not appear to improve selectivity. In a similar manner, increased total pore volume (V p ) does facilitate increased selectivity, but only to a pore volume of 1.00 cm 3 g -1 , above this there is no improvement in performance (Fig. 18b) .
The series PPy-T-2 (T = 500-800 °C) allows for the direct comparison of homologous materials. In this case it appears that the values of 2000 m 2 g -1 and 1.00 cm 3 g -1 for the surface area and total pore volume ( Fig. 19) represent maxima rather thresholds. It is possible that for any homologous series similar maxima are observed; however, the thresholds observed in Fig. 18 are useful indicators. From Table 2 it can be seen that an activation temperature of 600 °C is a minimum for good selectivity; however, from Fig. 19c it may be seen that for the series PPy-T-2 (T = 500-800 °C) this value is actually an optimum. Again this may vary with a particular class of material, but a lower activation temperature is required to create a material with good selectivity as compared to optimum CO 2 uptake (Fig. 19d) , suggesting that the best attainable sorbent material will have to combine a wise tradeoff of selectivity and CO 2 capture capacity. As may be seen from a comparison of PPy-800-2 and PPy-800-4 (Table 2) , increased KOH concentration during the activation step results in greater selectivity. This is undoubtedly due to an increased O content, see below. The molar CO 2 :CH 4 uptake ratio for NPC samples as a function of their N content is shown in Fig. 20 . The selectivity for measurements at 30 bar decreases with N content above 5 wt%. In the case of SPC, there appears to be no effect on selectivity with S content (Tables 1 and 2 ). These results seem to suggest that the presence of neither N nor S correlates in a direct manner with the CO 2 /CH 4 selectivity. This is in line with our previous proposal. 43 Although, we need to recall that in this work a higher heteroatom content implies a lower surface area (and total pore volume) of the sorbent materials, hence a definite lack of impact of N or S doping on the selectivity performance of in PCs cannot be considered a priori. Interestingly, as may be seen from the data in Table 2 , at lower pressures (10 bar) there is almost no dependence between selectivity and heteroatom content. As was observed with the uptake efficiency for CO 2 , the selectivity appears to be more a function of the total heteroatom composition, i.e., Σ(O,N,S) wt%, as presented in Fig. 21 in terms of C wt% (= 100 -Σ(O,N,S) wt%). However, based upon the analysis of all the PC, NPC, and SPC materials studied, the O wt% seems to be the major contributor. The CO 2 /CH 4 selectivity is at a potential maximum as long as C content is below 90 wt%, i.e., for Σ(O,N,S) > 10 wt%. At lower pressure (10 bar) the carbon content is possibly even higher, C < 94 wt%.
Conclusions
A study of a wide range of PC, NPC, and SPC materials under high pressure CO 2 and CH 4 adsorption offers some useful insight into the parameters than may collectively control both the CO 2 uptake efficiency and the CO 2 /CH 4 selectivity. A summary of the proposed key requirements for a PC material with either good CO 2 uptake or good CO 2 /CH 4 selectivity is given in Table 3 based on the results presented herein.
As far as CO 2 uptake is concerned any porous carbon material with a surface area >2800 m 2 g -1 at 30 bar is unlikely to be bettered (when prepared from the KOH activation of a nonnanostructured precursors). A similar threshold appears to be true for the total pore volume of the material (1.35 cm 3 g -1 ).
This suggests that seeking synthetic routes to ever higher surface area and/or high pore volume PC-based adsorbents is counterproductive. 39 However, it should be understood that if uptake at lower pressures is desired these threshold values decreases even further. This result is highly important in considering the choice of adsorbent to be used in a large scale unit. 58 The adsorbent intended for use in a low pressure system needs a lower surface area and pore volume to perform than a potentially more expensive to manufacture material. It also impacts the formation of pelletized materials for fluid bed applications, since the formation of the pellet through inclusion of a binder inevitably lowers the surface are and pore volume. 39 Our results suggest that for lower pressure applications this is not important since the uptake is less dependent on extremely high surface areas and/or pore volumes. Given the prior interest in N-and S-doped PC materials, the results show that CO 2 uptake is inversely related to S and N content in SPC and NPC, respectively. However, it is essential to underline that this conclusion is 'preparation process'-specific. In other words, due to the preparation process used in this study (KOH activation), there is an intrinsic dependence between heteroatom content and surface area (total pore volume) in all sorbents, i.e., higher surface areas imply lower N or S contents. Consequently, the use of KOH activated PCs in industrial scale units, must take into account that a higher heteroatom content cannot offset the corresponding drop of CO 2 capture performance due to a decrease of surface area of the materials. In practical terms, it is the Σ(O,N,S) wt% or C wt% (= 100 -Σ(O,N,S) wt%) that is the defining factor for CO 2 uptake. This is true irrespective of the source of the heteroatom; however, O appears to be the main factor, since a C content of between 80 and 95 wt% offers the potential for high CO 2 uptake, but at these levels if the make-up is N or S the uptake is likely reduced. It should also be observed based upon the source of the heteroatom that if heteroatoms are to be incorporated and "active" they are preferentially included using heterocycle precursors, such as melamine in the case of N, rather than other heteroatom-rich structures. A recent study of cotton derived porous carbon in comparison with its oxidized analogue shows that the O content appears to enhance removal of metal ions from solution. 59 It may be assumed that the parameters that makes a good CO 2 adsorbent may be the same as those that make a selective material; however, our results indicate that the two are only broadly related. The levels of surface area and pore volume can be even lower for good CO 2 /CH 4 selectivity, as compared to CO 2 uptake, see Table 3 .
In summary, we can conclude that a synthetic goal for PCbased material, for both high CO 2 adsorption and high CO 2 /CH 4 selectivity, would comprise a C content of less than 90%. Given that neither N nor S seem to have a significant effect rather than the O that is present, 43 it is clear that a design C x O 1-x where x < 0.9 would possibly make an ideal CO 2 adsorbent material with the best CO 2 /CH 4 selectivity. Furthermore, the goal should be a precursor where oxygen is incorporated into a cyclic moiety. This is therefore the goal of our future research.
